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THRESHOLD VOLTAGE DIGITIZER FOR
ARRAY OF PROGRAMMABLE THRESHOLD
TRANSISTORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a continuation of U.S. patent application Ser.
No. 13/428,098 (now U.S. Pat. No. 8,488,398), filed on Mar.
23, 2012, which is a continuation of U.S. patent Ser. No.
13/224,823 (now U.S. Pat. No. 8,149,626), filed on Sep. 2,
2011, which is a continuation of U.S. patent application Ser.
No. 12/883,214 (now U.S. Pat. No. 8,014,206), filed on Sep.
16, 2010, which is a continuation of U.S. patent application
Ser. No. 12/193,380 (now U.S. Pat. No. 7,800,951), filed on
Aug. 18, 2008, which claims the benefit of U.S. Provisional
Application No. 60/965,535, filed on Aug. 20, 2007. The
entire disclosures of the applications referenced above are
incorporated herein by reference.

FIELD

[0002] The present disclosure relates to semiconductor
memory systems, and more particularly to digitizing thresh-
old voltages of programmable threshold transistors used in
memory arrays.

BACKGROUND

[0003] The background description provided herein is for
the purpose of generally presenting the context of the disclo-
sure. Work of the presently named inventors, to the extent the
work is described in this background section, as well as
aspects of the description that may not otherwise qualify as
prior art at the time of filing, are neither expressly nor
impliedly admitted as prior art against the present disclosure.
[0004] Memory integrated circuits (ICs) comprise memory
arrays. The memory arrays include memory cells arranged in
rows and columns. The memory cells in the rows and columns
are addressed by word lines (WLs) that select the rows and bit
lines (BLs) that select the columns. The memory ICs com-
prise WL and BL decoders that select the WLs and BLs,
respectively, during read/write operations.

[0005] Referring now to FIG. 1, an IC 10 comprises a
memory array 12, a WL decoder 16, a BL. decoder 18, and a
read/write (R/W) control module 19. The memory array 12
comprises memory cells 14 arranged in rows and columns as
shown. The WL and BL decoders 16, 18 select the WLs and
BLs, respectively, depending on the addresses of the memory
cells 14 selected during read/write operations. The R/W con-
trol module 19 reads and writes data in the selected memory
cells 14.

[0006] The memory cells 14 may include cells of nonvola-
tile memory such as NAND or NOR flash memory. Each
memory cell 14 may be programmed to store N binary digits
(bits) of information, where N is an integer greater than or
equal to 1. Accordingly, each memory cell 14 may have 2%
states. To store N bits per cell, each memory cell 14 may
comprise a transistor having 2”¥ programmable threshold volt-
ages (hereinafter threshold voltages). The 2 threshold volt-
ages of the transistor represent the 2 states of the memory
cell 14, respectively. For example only, the transistor may
include a floating-gate field-effect transistor (FET) or a sili-
con-oxide nitride-oxide semiconductor (SONOS) FET.
[0007] Referring now to FIGS. 2A-2C, a memory cell 14-/
may comprise a transistor 50 having a threshold voltage V ;.
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In FIG. 2A, the transistor 50 may comprise a floating gate G
(hereinafter gate G3), a source S, and a drain D. In FIG. 2B, a
graph of drain current (I,) versus gate-to-source voltage
(V 5s) of the transistor 50 is shown. Typically, the threshold
voltage V ;- of the transistor 50 is an intercept on the V ¢ axis
for a predetermined value of the drain current. In other words,
the threshold voltage V ; is a value of V ;¢ that generates the
predetermined drain current. The predetermined drain cur-
rent may also be called a reference current or a threshold
current. The value of the predetermined drain current depends
on the value of the threshold voltage V,. The amount of
charge stored in the gate G during a write operation deter-
mines the value of threshold voltage V,, the value of the
corresponding predetermined drain current, and the state of
the memory cell 14-i. Typically, the threshold voltage V -and
the corresponding predetermined drain current are propor-
tional to the amount of charge stored in the gate G.

[0008] InFIG.2C, for example, the transistor 50 may have
two programmable threshold voltages V -, and V , depending
on the amount of charge stored in the gate G. When the
amount of charge stored in the gate G is Q1, the threshold
voltage of the transistor 50 is V ;. When the amount of charge
stored in the gate G is Q2, the threshold voltage of the tran-
sistor 50 1s V .. Depending on the amount charge stored in the
gate G, a gate voltage (i.e., V 55) having a value greater than or
equalto V,, or V., may be necessary to turn on the transistor
50 (i.e., to generate the predetermined drain current).

[0009] The state of the memory cell 14 is read by measuring
the threshold voltage V. of the transistor 50. The threshold
voltage V ;- is measured by applying the gate voltage to the
gate G and sensing the drain current. The drain current is
sensed by applying a small voltage across the source S and the
drain D of the transistor 50.

[0010] When the gate voltage is less than the threshold
voltage V ,, the transistor 50 is off, and the drain current is low
(approximately zero). When, however, the gate voltage is
greater than or equal to the threshold voltage V ;, the transistor
50 turns on, and the drain current becomes high (i.e., equal to
the predetermined drain current corresponding to the V).
The value of the gate voltage that generates the high drain
current represents the threshold voltage V ;. of the transistor
50.

[0011] Inamemory array, if independent gate control were
possible, abinary search algorithm can be used to measure the
threshold voltage. The threshold voltage could be measured
to N-bit accuracy in N search cycles, where N is an integer
greater than 1. But in a typical memory array, all transistors
whose threshold voltages are to be measured at approxi-
mately the same time have their gates attached to the same
word lines. Thus, independent gate control necessary for
independent binary search algorithm is not possible. Accord-
ingly, for an N-bit threshold voltage measurement, the most
convenient way to measure the threshold voltages of all tran-
sistors is by stepping through (2V-1) voltages on the word
lines, and determining the threshold voltage of the transistors
when the drain currents of the transistors first exceed a pre-
determined (preprogrammed) value.

[0012] Referring now to FIGS. 3A-3D, the threshold volt-
age of the transistor 50 is measured as follows. For example
only, the transistor 50 may have four threshold voltages V ,, to
V4, Where V<V <V <V ,,. Accordingly, the memory
cell 14-i may have one of four states 00, 01, 10, and 11.
[0013] InFIG.3A, the R/W control module 19 comprises a
staircase voltage generator 20 and current sensing amplifiers
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22. The number of current sensing amplifiers is equal to the
number of bit lines. For example, when the IC 10 comprises
B bit lines, the current sensing amplifiers 22 include B current
sensing amplifiers for B bit lines, respectively, where B is an
integer greater than 1.

[0014] In FIG. 3B, the WL decoder 16 selects a word line
comprising memory cells 14-1,14-2, ..., 14-i, ..., and 14-»
(collectively memory cells 14) when the states of the memory
cells are to be determined. Each of the memory cells 14
includes a transistor similar to the transistor 50. The transis-
tors are shown as capacitances C that store the charge in the
gates.

[0015] When a read operation begins, the staircase voltage
generator 20 supplies a staircase voltage to the WL decoder
16. The WL decoder 16 inputs the staircase voltage to the
selected word line. Accordingly, the staircase voltage is
applied to the gates of the transistors on the selected word
line.

[0016] The current sensing amplifiers 22 include one cur-
rent sensing amplifier for each bit line. For example, a current
sensing amplifier 22-i communicates with a bit line BL.-i and
senses the drain current that flows through the transistor 50 of
the memory cell 14-i. The current sensing amplifier 22-i
senses the drain current by applying a small voltage across the
source and the drain of the transistor 50. Each current sensing
amplifier senses the drain current that flows through the
respective one of the transistors of the memory cells 14. The
R/W control module 19 measures the threshold voltages of
the transistors based on the drain currents sensed by the
respective current sensing amplifiers 22.

[0017] InFIG. 3C, the staircase voltage can be increased in
(2%-1) steps when the memory cells 14 have 2" states each. In
the example shown, N=2. Accordingly, the staircase voltage
that can be increased in three steps.

[0018] Specifically, in a first step, the staircase voltage can
be increased from zero to a first voltage that is slightly greater
than V. In a second step, the staircase voltage can be
increased from the first voltage to a second voltage that is
slightly greater than V ,,. In a third step, the staircase voltage
can be increased from the second voltage to a third voltage
that is slightly greater than V. At each step, the current
sensing amplifiers 22 measure the drain currents that flow
through the memory cells 14. The first, second, and third
voltages are sequentially applied to the gates of the transistors
until the threshold voltages of the transistors are determined
based the sensed drain currents.

[0019] More specifically, in the first step, the first voltage is
applied to the gates of the transistors. The current sensing
amplifiers 22 sense the drain currents that flow through the
transistors. For example, if the drain current flowing through
the transistor 50 is high, then the threshold voltage of the
transistor 50 is V ;,, and the state of the memory cell 14-i is the
first state (e.g., 00). If, however, the sensed drain current is
low, then the threshold voltage of the transistor 50 is greater
than V ,,, and the state of the memory cell 14-i is other than
the first state.

[0020] The threshold voltage of the transistor 50 may be
Vs, V 3, 0r V5. The state of the memory cell 14-i may be the
second state (e.g., 01), the third state (e.g., 10), or the fourth
state (e.g., 11). Accordingly, at least one and at most two more
attempts to determine the threshold voltage of the transistor
50 are necessary.

[0021] Next, in the second step, the staircase voltage is
stepped up from the first to the second voltage, and the second
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voltage is applied to the gates of the transistors. The current
sensing amplifiers 22 sense the drain currents that flow
through the transistors. For example, if the drain current
flowing through the transistor 50 is high, then the threshold
voltage of the transistor 50 is V ., and the state of the memory
cell 14-i is the second state.

[0022] If, however, the sensed drain current is low, then the
threshold voltage of the transistor 50 is greater than V ,,,, and
the state of the memory cell 14-/ is neither the first state nor
the second state. The threshold voltage of the transistor 50
may be V ; or V. The state of the memory cell 14-i may be
the third state or the fourth state. Accordingly, at least one
more attempt to determine the threshold voltage of the tran-
sistor 50 is necessary.

[0023] Finally, in the third step, the staircase voltage is
stepped up from the second to the third voltage, and the third
voltage is applied to the gates of the transistors. The current
sensing amplifiers 22 sense the drain currents flowing through
the transistors. For example, if the drain current flowing
through the transistor 50 is high, then the threshold voltage of
the transistor 50 is V 5, and the state of the memory cell 14-i
is the third state. If, however, the sensed drain current is low,
then the threshold voltage of the transistor 50 is V ,,, and the
state of the memory cell 14-i is the fourth state.

[0024] Thus, (2"-1)attempts or trials are necessary to mea-
sure the threshold voltages of the transistors having 2 thresh-
old voltages each. That is, (2¥-1) attempts are necessary to
measure the states of the memory cells 14 when the memory
cells 14 have 2% states each. As the value of N increases, the
number of attempts necessary to measure the threshold volt-
ages also increases. Consequently, the time taken to measure
the threshold voltages (and the states of the memory cells 14)
increases as the value of N increases.

[0025] Additionally, the transistors of the memory cells 14
and segments of the selected WL between adjacent memory
cells 14 act as capacitances and resistances, respectively, as
shown in FIG. 3B. Accordingly, the selected WL comprises a
series of RC circuits as shown. As the distance of the memory
cell 14-i increases from the WL decoder 16, the settling time
of the transistor 50 increases. The settling time is the time
taken by the V ;¢ of the transistor 50 to settle to the staircase
voltage input to the gate G.

[0026] Forexample,in FIG. 3C, the settling time T,; of V55
ofafirsttransistor on the selected word line is shown. The first
transistor is a transistor of the memory cell 14-1 that is adja-
cent to the WL decoder 16. When the first voltage is applied
to the gate of the first transistor, the V 5 of the first transistor
rises and settles to a value equal to the first voltage after time
T,,. The current sensing amplifier that measures the drain
current that flows through the first transistor must wait for a
time period equal to T, forthe V 5 to settle before measuring
the drain current. The step of waiting for the settling time
before sensing the drain current is repeated for each subse-
quent stepped up voltage if necessary until the threshold
voltage of the first transistor is determined.

[0027] In FIG. 3D, the settling time T,, of V5, of a last
transistor on the selected WL is shown. The last transistor is
a transistor of the last memory cell 14-». When the first
voltage is applied to the gates of the transistors on the selected
WL, the V 5, of the last transistor rises and settles to a value
equal to the first voltage after time T, where T, >>T,,. The
current sensing amplifier that senses the drain current that
flows through the last transistor waits for a time period equal
to T,,, before measuring the drain current. The step of waiting
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for the settling time before sensing the drain current is
repeated for each subsequent stepped up voltage if necessary
until threshold voltage of the last transistor is determined. As
can be appreciated, the value of T, and the time taken to
measure the threshold voltage of the last transistor (and the
state of the last memory cell 14-) increases as the number of
memory cells 14 on the word line increases.

[0028] As the memory capacity of the memory ICs
increases, the value of N (i.e., the number of bits per memory
cell) and/or the number of memory cells per word line
increases. Accordingly, the value of (2¥-1) and/or T,
increases. Consequently, the time taken to measure the
threshold voltages of the transistors (and the states of the
memory cells 14) on the selected word line increases.
[0029] Since today’s memory ICs can be quite large in
capacity, the loading and thus the settling time constant for
the gate control voltage can be quite large. For example, in a
2 GB NAND memory IC, each row in the memory array may
contain more than 100 thousands memory transistors.
Together with a relatively high word line resistance, the word
line settling time is typically in the range of microseconds to
tens of microseconds. Bit line sensing cannot be done until
the control voltage applied to the gate has settled sufficiently.
The bit line current sensing amplifiers usually have to wait for
multiple time constants of the word line control voltage
before starting to sense the drain current via the bit line.
[0030] Presently, the highest maximum number of bits
stored in the form of threshold voltage is two. For read-
sensing, the number of bits required for digitization is typi-
cally the same as the number of bits stored in the threshold
voltage values. Thus, for example, a total of (22~1)=3 control
voltages need to be applied for digitization purpose. The
digitizing speed is thus no less than 3 times the time required
for the row-line to adequately settle.

[0031] To store more bits in the form of the threshold volt-
age of a transistor, the digitizer resolution will also need to be
increased. Increasing the storage bits from 2 to 3 per transistor
increases the number of control voltages from 3 to 7. For
memory systems that uses soft information and signal pro-
cessing to improve data error rate, even more bits are required
from the read-digitizer. Accordingly, if the read-digitization
is limited by the word line settling time, the read time of high
resolution memory devices will increase exponentially.

SUMMARY

[0032] In general, in one aspect, the present disclosure
describes a memory integrated circuit. The memory inte-
grated circuit includes a memory array having a plurality of
memory cells arranged along a wordline within the memory
array, in which each memory cell respectively comprises a
transistor having a threshold voltage. The memory integrated
circuit further includes a wordline decoder configured to
input a ramp voltage to the wordline so that the ramp voltage
is applied to gates of the plurality of transistors on the word-
line. The ramp voltage being applied to the gates of the
plurality of transistors is configured to increase based on an
incrementing digital code.

[0033] The memory integrated circuit further includes a
plurality of current sensing amplifiers, in which each current
sensing amplifier is respectively in communication with a
corresponding transistor in the memory array along a respec-
tive bit line within the memory array, and each current sensing
amplifier is configured to generate a control signal in
response to sensing a predetermined threshold current along
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the respective bitline. The memory integrated circuit further
includes a plurality of registers, wherein each register corre-
sponds respectively to a corresponding transistor in the
memory array, and wherein each register is configured to
latch a current value of the incrementing digital code in
response to the current sensing amplifier in communication
with the corresponding transistor generating the control sig-
nal. The current value of the incrementing digital code latched
by each register corresponds to the threshold voltage of the
corresponding transistor.

[0034] In general, in another aspect, this specification
describes a method for determining a respective threshold
voltage of each of a plurality of transistors in a memory array,
wherein the memory array includes a plurality of memory
cells arranged along a wordline within the memory array, and
wherein each memory cell respectively comprises a transistor
of'the plurality of transistor. The method includes: applying a
ramp voltage to gates of the plurality of transistors on the
wordline, wherein the ramp voltage being applied to the gates
of the plurality of transistors is configured to increase based
on an incrementing digital code; as the ramp voltage is being
applied to the gates of the plurality of transistors, generating
a respective control signal in response to sensing a predeter-
mined threshold current along a respective bitline in the
memory array, wherein each transistor in the memory array is
in communication with a respective bitline in the memory
array; and for each transistor in the memory array, latching a
current value of the incrementing digital code in response to
the respective control signal corresponding to the transistor
being generated. The current value of the incrementing digital
code latched by each register corresponds to the threshold
voltage of the corresponding transistor.

[0035] Instill other features, a computer program executed
by a processor comprises outputting a first voltage, which is
generated based on received codewords, to a first word line
that communicates with N transistors each having program-
mable threshold voltages, where N is an integer greater than
1. The computer program further comprises sensing currents
through the N transistors via N bit lines, respectively, and
generating control signals when current through a corre-
sponding one of the N transistors is greater than or equal to a
predetermined current. The computer program further com-
prises determining one of the codewords for one of the N
transistors when a corresponding one of the control signals is
generated. The computer program further comprises gener-
ating measured values of the threshold voltages of the N
transistors by compensating the ones of the codewords based
on at least one of a position of the corresponding ones of the
N transistors and a temperature.

[0036] In another feature, the computer program further
comprises generating the first voltage that includes a linear
ramp voltage. In another feature, the computer program fur-
ther comprises synchronizing the N control signals to a clock
that is used to generate the codewords. In other features, the
computer program further comprises converting the code-
words to Gray-code codewords, storing one of the Gray-code
codewords for one of the N transistors when the correspond-
ing one of the N control signals is generated, and converting
one of the Gray-code codewords to one of the codewords.
[0037] In other features, the computer program further
comprises programming each of N reference transistors of a
reference word line to a predetermined threshold voltage. The
computer program further comprises outputting the first volt-
age and a second voltage at first and second times, respec-
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tively, to the reference word line based on the temperature.
The computer program further comprises sensing currents
through the N reference transistors via the N bit lines, respec-
tively. The computer program further comprises storing sec-
ond and third ones of the codewords for each one of the N
reference transistors when the first and second voltages are
output, respectively, and when current through a correspond-
ing one of the N reference transistors is greater than or equal
to the predetermined current.

[0038] In another feature, the computer program of further
comprises generating the first and second voltages that
include first and second linear ramp voltages, respectively,
and generating the second linear ramp voltage having a
slower ramp rate than the first linear ramp voltage. In another
feature, the computer program further comprises generating
compensation values for the N bit lines based on differences
between the second and third ones of the codewords for each
one of the N reference transistors, respectively, and generat-
ing the measured values based on the compensation values.
[0039] In other features, the computer program further
comprises generating the codewords using a counter, gener-
ating the first and second voltages by converting the code-
words using a digital-to-analog converter (DAC), and incre-
menting the counter at a different rate when generating the
second voltage than when generating the first voltage. In
another feature, the computer program further comprises
determining states of N memory cells that include the N
transistors based on the ones of the codewords, respectively.
[0040] Instill other features, a computer program executed
by a processor comprises programming N reference transis-
tors of a reference word line to a predetermined threshold
voltage, where N is an integer greater than 1. The computer
program further comprises generating first and second ramp
voltages based on received codewords. The second ramp volt-
age has a slower ramp rate than the first ramp voltage. The
computer program further comprises selectively outputting
the first and second ramp voltages to the reference word line
at first and second times, respectively. The computer program
further comprises sensing currents through the N reference
transistors via N bit lines, respectively. The computer pro-
gram further comprises determining first and second ones of
the codewords for one of the N reference transistors when the
first and second ramp voltages are output, respectively, and
when current through one of the N reference transistors is
greater than or equal to a predetermined current. The com-
puter program further comprises generating compensation
values for the N bit lines based on the first and second ones of
the codewords for the N reference transistors, respectively.
[0041] In another feature, the computer program further
comprises generating the compensation values by subtracting
the second ones of the codewords from the first ones of the
codewords for the N reference transistors, respectively. In
another feature, the computer program further comprises out-
putting the first and second ramp voltages to the reference
word line when the N reference transistors reach a predeter-
mined temperature.

[0042] In other features, the computer program further
comprises outputting the first ramp voltage to a second word
line that communicates with second N transistors having
programmable threshold voltages. The computer program
further comprises sensing currents through the second N tran-
sistors via the N bit lines, respectively. The computer program
further comprises determining a third one of the codewords
for one of the second N transistors when current through one
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of the second N transistors is greater than or equal to the
predetermined current. The computer program further com-
prises generating measured values of the threshold voltages
by subtracting the compensation values from the third ones of
the codewords, respectively. In another feature, the computer
program further comprises converting the codewords to
Gray-code codewords.

[0043] In other features, the computer program further
comprises generating the codewords using a counter, gener-
ating the first and second ramp voltages converting the code-
words using a digital-to-analog converter (DAC), and incre-
menting the counter at a different rate when generating the
second ramp voltage than when generating the first ramp
voltage.

[0044] Further areas of applicability of the present disclo-
sure will become apparent from the detailed description, the
claims and the drawings. It should be understood that the
detailed description and specific examples are intended for
purposes of illustration only and are not intended to limit the
scope of the disclosure.

BRIEF DESCRIPTION OF DRAWINGS

[0045] The present disclosure will become more fully
understood from the detailed description and the accompa-
nying drawings, wherein:

[0046] FIG. 1 is a functional block diagram of a memory
integrated circuit (IC) according to the prior art;

[0047] FIG. 2A is a schematic of a memory cell comprising
a transistor having a plurality of programmable threshold
voltages according to the prior art;

[0048] FIG. 2B is a graph of drain current versus gate-to-
source voltage of the transistor of FIG. 2A;

[0049] FIG. 2C is a graph of drain current (I,) versus gate-
to-source voltage (V 55) of the transistor of FIG. 2A;

[0050] FIG. 3A is a functional block diagram of a memory
IC according to the prior art;

[0051] FIG. 3B is a schematic of a word line comprising the
transistor of FIG. 2A according to the prior art;

[0052] FIG. 3C is a graph of V¢ versus time for a first
transistor on the word line of FIG. 3B;

[0053] FIG. 3D is a graph of V¢ versus time for an N*
transistor on the word line of FIG. 3B;

[0054] FIG. 4 is a graph of V 5, versus time for a word line
of'a memory IC;

[0055] FIG. 5 is a functional block diagram of a memory IC
according to the present disclosure;

[0056] FIG. 6 is a detailed functional block diagram of the
memory IC of FIG. 5;

[0057] FIG. 7 is a timing diagram of signals generated by a
counter and current sensing amplifiers of the memory IC of
FIG. 5;

[0058] FIG. 8A is a functional block diagram of a memory
IC utilizing Gray code according to the present disclosure;
[0059] FIG. 8B is a detailed functional block diagram ofthe
memory IC of FIG. 8A;

[0060] FIG. 8C is a functional block diagram of a memory
IC according to the present disclosure;

[0061] FIG.8Dis adetailed functional block diagram of the
memory IC of FIG. 8C;

[0062] FIG. 9 is a flowchart of a method for digitizing
threshold voltages of transistors according to the present dis-
closure;
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[0063] FIG. 10 is a flowchart of a method for generating
correction codes that increase the accuracy of digitizing
threshold voltages of transistors according to the present dis-
closure;

[0064] FIG. 11A is a functional block diagram of a hard
disk drive;
[0065] FIG. 11B is a functional block diagram of a DVD
drive;
[0066] FIG. 11C is a functional block diagram of a cellular
phone;
[0067] FIG. 11D is a functional block diagram of a set top
box; and
[0068] FIG. 11E is a functional block diagram of a mobile
device.

DESCRIPTION
[0069] The following description is merely exemplary in

nature and is in no way intended to limit the disclosure, its
application, or uses. For purposes of clarity, the same refer-
ence numbers will be used in the drawings to identify similar
elements. As used herein, the phrase at least one of A, B, and
C should be construed to mean a logical (A or B or C), using
a non-exclusive logical or. It should be understood that steps
within a method may be executed in different order without
altering the principles of the present disclosure.

[0070] As used herein, the term module refers to an Appli-
cation Specific Integrated Circuit (ASIC), an electronic cir-
cuit, a processor (shared, dedicated, or group) and memory
that execute one or more software or firmware programs, a
combinational logic circuit, and/or other suitable components
that provide the described functionality.

[0071] Threshold voltages of programmable threshold
transistors on the selected word line (WL) can be measured
efficiently by inputting a linear ramp voltage instead of input-
ting a staircase voltage to the selected WL. The linear ramp
voltage can be generated by converting digital codes gener-
ated by a counter using a digital-to-analog converter (DAC)
and filtering the output of the DAC. The counter increments
the digital codes to increase the ramp voltage. When the ramp
voltage is greater than or equal to the threshold voltage of a
transistor, the current sensing amplifier senses a high drain
current through the transistor, and the digital code output by
the counter to the DAC is latched into a register. The latched
digital code represents a digital value of the threshold voltage
of'the transistor. The process of generating the digital value of
the threshold voltage is called digitizing the threshold volt-
age.

[0072] While the ramp voltage increases, digital codes rep-
resenting threshold voltages of the transistors are latched into
respective registers when the current sensing amplifiers sense
high drain currents through the transistors. Thus, at the end of
the ramp, digital values of threshold voltages are available in
the registers. That is, the threshold voltages are digitized in a
single sweep of the ramp.

[0073] Using the ramp voltage instead of the staircase volt-
age eliminates the iterative steps of incrementing the staircase
voltage, waiting for the settling time, sensing the drain cur-
rent, and determining whether to continue increment the stair-
case voltage based on the sensed drain current. Accordingly,
the threshold voltages can be measured faster by using the
ramp voltage than by using the staircase voltage.

[0074] The speed of measuring the threshold voltages can
be further increased by increasing the resolution of the digital
code. Specifically, the time interval between successive digi-
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tal codes can be reduced to less than a time constant of the
word line. For example, a high-resolution linearly stepping
digital code may be used. Any resulting inaccuracies in the
digital values of the threshold voltages are reduced by gener-
ating correction values for each bit line using calibration. The
correction codes are combined with the digital values to gen-
erate accurate digital values of the threshold voltages.
[0075] Thepresent disclosure is organized as follows. First,
a linear system model of the word line is introduced, and
calibration is briefly discussed. Next, a system for digitizing
threshold voltages of transistors is discussed. Thereafter, cali-
bration is discussed in detail. Finally, use of Gray code to
improve the accuracy of the system is discussed.

[0076] Referring now to FIG. 4, the word line may be
modeled as a linear system comprising distributed RC cir-
cuits. For a linear system, a linear input ramp results in a linear
output ramp. For a linear system with a unity DC gain, the
linear output ramp lags the linear input ramp by a delay D.
The delay D is proportional to a group delay (i.e., a time
constant) of the linear system. The delay D is fixed when C
time constants of the linear system have elapsed after the
linear input ramp is applied to the linear system, where C is a
number greater than 1.

[0077] Accordingly, a linear ramp voltage (hereinafter
ramp voltage) may be applied to the selected word line C time
constants before the first transistor on the selected WL turns
on. A delayed ramp voltage is applied to the gate of each
transistor on the word line. For example, let the threshold
voltage of a transistor on the word line be V ;. The transistor
turns on when the voltage at the gate of the transistor is at least
V7. The voltage at the gate of the transistor may reach VD
units of time after the ramp voltage at the input of the word
line reaches V ;. The delay D increases as the distance of the
transistor from the input of the word line increases. That is,
the delay D increases as the distance between the WL decoder
and the bit line (BL) that communicates with the transistor on
the word line increases.

[0078] Although the delay is different for each bit line, the
delay has a fixed value for each bit line at a given temperature.
Accordingly, the delay can be measured and converted into
the correction value using calibration. Since the delay may
vary with temperature, the delay can be measured periodi-
cally based on a predetermined change in temperature of the
memory integrated circuit (IC).

[0079] Subsequently, during normal read operation, when
the ramp voltage is applied and the digital value for the
threshold voltage of a transistor is latched, the correction
value for the bit line comprising the transistor is subtracted
from the latched digital value. The resulting value represents
the accurate digitized value of the threshold voltage of the
transistor.

[0080] Referring now to FIG. 5, a memory IC 100 that
digitizes threshold voltages according to the present disclo-
sure is shown. The IC 100 comprises the memory array 12, the
WL decoder 16, the BL decoder 18, the current sensing
amplifiers 22, an R/W control module 102, a counter 104, a
DAC 106, and registers (latches) 108.

[0081] The R/W control module 102 initializes the counter
104 when a read operation is performed. The counter 104
counts and outputs counts based on a digital code (e.g., binary
code) to the DAC 106. The DAC 106 converts the counts and
generates the ramp voltage. A low-pass filter (not shown) may
filter the ramp voltage and increase the linearity of the ramp
voltage.
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[0082] Theramp voltage is input to the WL decoder16. The
WL decoder 16 selects the WL comprising the memory cells
14 of which the state is to be determined. The WL decoder 16
inputs the ramp voltage to the selected WL C time constants
before the first transistor on the selected WL can turn on. The
ramp voltage is applied to the gates of the transistors on the
selected WL.

[0083] Theramp voltage increases as the counter 104 incre-
ments and the count output by the counter 104 to the DAC 106
increases. While the ramp voltage increases, the current sens-
ing amplifiers 22 sense the drain currents of the transistors via
the bit lines that communicate with the transistors. When the
ramp voltage output by the DAC 106 is greater than or equal
to the threshold voltage of any transistor, the drain current of
that transistor goes high (i.e., becomes more than the prede-
termined drain current). The current sensing amplifier that
senses the high drain current generates a control signal called
a strobe signal.

[0084] The registers 108 include one register per bit line
(i.e., per transistor on the word line). Each register receives
the counts output by the counter 104 to the DAC 106. Each
register is strobed by the strobe signal generated by a corre-
sponding one ofthe current sensing amplifiers 22. The control
signal latches the count received from the counter 104 in the
register. The count is a digital value of the ramp voltage that
corresponds to the threshold voltage of the transistor. Accord-
ingly, the count latched in the register represents the digitized
threshold voltage of the transistor. The threshold voltages of
all the transistors on the selected WL are digitized in a single
sweep of the ramp voltage.

[0085] When the ramp voltage at the input of the selected
WL is X attime T (after C time constants of the selected WL),
the voltage at the gate of the first transistor on the word line
may be X at time (T+D,). The voltage at the gate of an N
transistor on the word line may be X at time (T+D,,), where
n>1, and D,>D,. Attime (T+D,,), however, the ramp voltage
at the input of the word line may have increased to Y. Accord-
ingly, when the voltage X at the gate of the N transistor turns
onthe N” transistor, the voltage of the ramp may have already
increased from X to Y. Thus, the count latched in the register
corresponding to the N transistor may be the count that
generated the voltage Y and not the voltage X that turned on
the N transistor. In other words, the count latched in the
register may not represent the accurate threshold voltage of
the transistor.

[0086] Corrections to the counts latched in the registers 108
can be made by subtracting calibration codes from the counts
latched in the registers 108. The calibration codes account for
the fixed delays D,, ..., D, etc. For example, the calibration
codes corresponding to the delays D, and D,, may be sub-
tracted from the counts latched in the registers for the firstand
N* transistors, respectively.

[0087] The R/W control module 102 comprises a calibra-
tion module 110 that measures the delays D, . . ., D, during
a calibration cycle discussed in detail below. The calibration
module 110 converts the fixed delays into calibration codes
and stores the calibration codes in a lookup table 112.
[0088] During normal read operations, the R/W control
module 102 reads the counts latched in the registers 108 at the
end of the ramp. The R/W control module 102 looks up the
calibration codes in the look up table 112. The R/W control
module 102 subtracts the calibration codes from the latched
counts. The resulting counts represent accurate digitized val-
ues of the threshold voltages of the transistors.
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[0089] The calibration module 110 may generate the cali-
bration codes in many ways. For example, the calibration
codes may be generated once when the IC 100 is manufac-
tured, each time the IC 100 is initialized, or when read errors
increase beyond a predetermined threshold during normal
operation. Alternatively, since the delays vary with the tem-
perature of the IC 100, the calibration module 110 may gen-
erate the calibration codes when the temperature of the IC 100
changes by a predetermined amount or reaches a predeter-
mined value.

[0090] Referring now to FIG. 6, the calibration module 110
may comprise the lookup table 112, a programming module
114, a ramp control module 116, a comparing module 118,
and a temperature sensing module 120. When the calibration
beings, the programming module 114 programs all the tran-
sistors on a predetermined word line of the memory array 12
to a predetermined threshold voltage. In other words, the
programming module 114 may program the memory cells 14
on the predetermined word line to a predetermined state. The
row of transistors on the predetermined word line may be
called a reference row of transistors, and the predetermined
word line may be called a reference word line.

[0091] In some implementations, the reference row may
comprise a spare row 122 of transistors that is provided for
calibration purposes. Using the spare row 122, the calibration
can be performed while the user data is stored in the memory
array 12. The spare row 122 may be incorporated outside the
memory array as shown or inside the memory array (not
shown). When the spare row 122 is incorporated inside the
memory array 12, calibration is performed outside of normal
R/W operations. The transistors of the reference row may be
substantially similar to the transistors on the word lines of the
memory array 12. The transistors of the reference row may,
however, have lower threshold voltages than transistors of the
memory array 12.

[0092] During calibration, the WL decoder 16 and the BL.
decoder 18 may select the transistors of the spare row 122.
When the calibration beings, the programming module 114
may program all the transistors of the spare row 122 to the
predetermined threshold voltage. The current sensing ampli-
fiers 22 and the bit lines may communicate with the transis-
tors of the spare row 122. Hereinafter, any reference to tran-
sistors during calibration includes transistors of the reference
row in the memory array 12 and transistors of the spare row
122.

[0093] After programming the transistors, the ramp control
module 116 decreases the rate of the ramp (ramp rate). A ramp
rate is the rate at which the ramp voltage changes. For
example, the ramp rate may be V volts/sec during normal
operation. Accordingly, the ramp control module 116
decreases the ramp rate to less than V volts/sec during cali-
bration.

[0094] Specifically, the ramp control module 116 slows the
counting rate of the counter 104 (i.e., the rate at which the
counter increments the counts). Consequently, the counter
104 may increment the codes that are output to the DAC 106
at a slower rate than during normal operation. Accordingly,
the DAC 106 may generate a slower ramp voltage than during
normal operation. The slower ramp voltage is input to the
transistors on the predetermined word line or the spare row
122.

[0095] Due to the slower ramp rate, the delay between the
ramp voltage at the input of the predetermined word line (or
the spare row 122) and the gate voltage of any of the transis-
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tors is substantially zero. In other words, the gate voltage of a
transistor when the transistor turns on and the ramp voltage
when the count is latched are substantially the same. Accord-
ingly, the counts latched in the registers 108 accurately rep-
resent the actual threshold voltages of the transistors. The
R/W control module 102 stores the latched counts in memory.
[0096] Subsequently, the ramp control module 116 restores
the ramp rate to the ramp rate during normal operation. The
DAC generates the ramp voltage that is used during normal
operation. The normal ramp voltage is input to the transistors
on the predetermined word line (or the spare row 122). The
registers 108 store the latched counts. The latched counts
stored in the registers 108 include the delays D, ..., D,, etc.
that may occur during normal operation.

[0097] The comparing module 118 compares the latched
counts stored in the memory to the latched counts stored in the
registers 108 and generates differences. The differences rep-
resent the amount of correction that may be subtracted from
the latched counts in the registers 108 during normal opera-
tion to generate counts that accurately represent the threshold
voltages. The differences are called calibration codes. The
calibration module generates one calibration code per bit line
(i.e., per transistor on the word line). The calibration codes are
stored in the lookup table 112.

[0098] The temperature sensing module 120 may sense the
temperature of the IC 100. As the temperature of the IC
increases, the resistances of the segments of the word lines
may increase. Consequently, the time constants of the word
lines may increase. Accordingly, the delays D,, ..., D,, etc.
may increase, and the calibration codes may no longer be
valid. The calibration codes may be regenerated to account
for the effects of the changes in the temperature.

[0099] The temperature sensing module 120 may generate
a control signal when the temperature of the IC 100 changes
by a predetermined amount or when the temperature of the IC
100 reaches a predetermined temperature. The calibration
module 110 may perform the calibration based on inputs
received from the temperature sensing module 120.

[0100] Referring now to FIG. 7, latching of the registers
108 is an asynchronous event since the current sensing ampli-
fiers 22 generate the strobe signals to latch the registers 108
whenever the drain currents through the transistors go high.
Occasionally, the count output by the counter 104 to the DAC
106 and the registers 108 may be transitioning from one count
to another when the registers 108 are strobed.

[0101] For example only, the count may include 4-bit
binary codewords. The count may be transitioning from a first
codeword 0111 to a second 1000 when one of the registers
108 is strobed. Depending on the timing of the signals of the
counter output and the strobe signal, the value of the code that
may get latched may include the most significant bit (MSB) 0
of the first codeword 0111 and bits 000 of the second code-
word 1000. Accordingly, the count latched in the register may
be a codeword 0000 instead of the second codeword 1000.
Consequently, the latched count may represent an incorrect
threshold voltage.

[0102] Gray code may be used to latch correct values of the
counter output in the registers 108. Gray code has a useful
property that two successive values of Gray-code codewords
differ in only one digit. Accordingly, the binary counts output
by the counter 104 may be converted into Gray-code code-
words. The Gray-code codewords may be input to the regis-
ters 108. When the strobe signals latch the Gray-code code-
words into the registers 108, the latched codewords may be
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erroneous at most by one bit. Alternatively, the strobe signals
may be synchronized with a clock that clocks the counter 104.
The synchronized strobe signals may be used to latch the
counter outputs into the registers 108.

[0103] Referring now to FIGS. 8A and 8B, a memory IC
100-1 comprises all the components of the memory IC 100
and further comprises a binary-to-Gray code converter 124
and a Gray-to-binary code converter 126. In FIG. 8A, the
binary-to-Gray code converter 124 converts the binary counts
output by the counter 104 into Gray-code codewords. The
Gray-code codewords are input to the registers 108. The
strobe signals generated by the current sensing amplifiers 22
latch the Gray-code codewords into the registers 108. The
latched codewords are equivalent to the binary counts output
by the counter 104.

[0104] The Gray-to-binary code converter 126 converts the
Gray-code codewords latched into the registers 108 back into
binary codewords. The binary codewords are output to the
R/W control module 102. During normal read operations, the
R/W control module 102 looks up the calibration codes,
subtracts the calibration codes from the binary codewords,
and determines the digitized values of the threshold voltages.

[0105] In FIG. 8B, the binary-to-Gray code converter 124
and the Gray-to-binary code converter 126 are utilized during
calibration in the same manner as during normal read opera-
tions. The operations performed by the calibration module
110 remain unchanged except that the comparing module 118
receives the latched counts from the Gray-to-binary code
converter 126 instead of the registers 108.

[0106] Referring now to FIGS. 8C and 8D, a memory IC
100-2 may use a synchronization module 128 to synchronize
the strobe signals to a clock 130 that clocks and increments
the counter 104. The synchronized strobe signals latch correct
values of the counts output by the counter 104 into the regis-
ters 108. For example only, the synchronization module 128
may comprise flip-flops.

[0107] Referring now to FI1G. 9, amethod 200 for digitizing
threshold voltages of transistors used in memory arrays is
shown. Control begins at step 202. In step 204, control deter-
mines if a read operation is to be performed. Control waits if
the result of step 204 is false. If the result of step 204 is true,
control generates the ramp voltage using the counter 104 and
the DAC 106 in step 206. In step 208, control inputs the ramp
voltage to the selected WL comprising the memory cells 14 to
be read (i.e., comprising transistors of which the threshold
voltages are to be digitized). Control inputs the ramp voltage
C time constants before the first transistor on the selected WL
can turn on.

[0108] Control senses drain currents of the transistors on
the selected word line in step 210. Control determines in step
212 if the drain current of any of the transistors is high. If the
result of step 212 is false, control determines in step 214 if an
end of ramp is reached (i.e., if the read operation is complete).
If the result of step 214 is false, control returns to step 210. If
the result of step 214 is true, control returns to step 204.

[0109] If, however, the result of step 212 is true, control
generates the strobe signals in step 216 when the drain cur-
rents of the transistors go high. Control latches the counts
output by the counter 104 based on the strobe signals into the
registers 108 in step 218. Control looks up calibration codes
from the lookup table 112 in step 220. In step 222, control
subtracts the calibration codes from the latched counts and
generates digitized threshold voltages of the transistors. In
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step 224, control determines the states of the memory cells on
the selected word line based on the digitized threshold volt-
ages.

[0110] Referring now to FIG. 10, a method 250 for cali-
brating the delays D, . . ., D,, etc. is shown. Control begins
at step 252. In step 254, control determines whether to begin
calibration partly based on the temperature of the memory IC
100. Control waits if the result of step 254 is false. If the result
of step 254 is true, control selects a word line comprising
transistors (e.g., a row of memory cells 14 inside or outside
the memory array 12) in step 256. Control programs the
transistors on the selected word line to a predetermined
threshold voltage in step 258.

[0111] In step 260, control generates a first ramp voltage
having a first ramp rate that is slower than a second ramp rate
used during normal read operations. In step 262, control
latches first counts output by the counter 104 into the registers
108 by sensing drain currents through the transistors and
generating strobe signals based on the drain currents. Control
stores the first latched counts in memory in step 264.

[0112] Instep 266, control generates a second ramp voltage
having the second (normal) ramp rate. In step 268, control
latches second counts output by the counter 104 into the
registers 108 by sensing drain currents through the transistors
and generating strobe signals based on the drain currents. In
step 270, control compares the first latched counts from the
memory to the second latched counts in the registers 108 and
generates calibration codes for all of the bit lines. In step 272,
control stores the calibration codes in the lookup table 112,
and control returns to step 254.

[0113] Referring now to FIGS. 11A-11G, various exem-
plary implementations incorporating the teachings of the
present disclosure are shown. In FIG. 11A, the teachings of
the disclosure can be implemented in nonvolatile memory
312 and associated circuitry of a hard disk drive (HDD) 300.
The HDD 300 includes a hard disk assembly (HDA) 301 and
an HDD printed circuit board (PCB) 302. The HDA 301 may
include a magnetic medium 303, such as one or more platters
that store data, and a read/write device 304. The read/write
device 304 may be arranged on an actuator arm 305 and may
read and write data on the magnetic medium 303. Addition-
ally, the HDA 301 includes a spindle motor 306 that rotates
the magnetic medium 303 and a voice-coil motor (VCM) 307
that actuates the actuator arm 305. A preamplifier device 308
amplifies signals generated by the read/write device 304 dur-
ing read operations and provides signals to the read/write
device 304 during write operations.

[0114] The HDD PCB 302 includes a read/write channel
module (hereinafter, “read channel”) 309, a hard disk con-
troller (HDC) module 310, a buffer 311, nonvolatile memory
312, a processor 313, and a spindle/VCM driver module 314.
The read channel 309 processes data received from and trans-
mitted to the preamplifier device 308. The HDC module 310
controls components of the HDA 301 and communicates with
an external device (not shown) via an I/O interface 315. The
external device may include a computer, a multimedia device,
a mobile computing device, etc. The I/O interface 315 may
include wireline and/or wireless communication links.
[0115] The HDC module 310 may receive data from the
HDA 301, the read channel 309, the buffer 311, nonvolatile
memory 312, the processor 313, the spindle/VCM driver
module 314, and/or the I/O interface 315. The processor 313
may process the data, including encoding, decoding, filtering,
and/or formatting. The processed data may be output to the
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HDA 301, the read channel 309, the buffer 311, nonvolatile
memory 312, the processor 313, the spindle/VCM driver
module 314, and/or the I/O interface 315.

[0116] The HDC module 310 may use the buffer 311 and/or
nonvolatile memory 312 to store data related to the control
and operation of the HDD 300. The buffer 311 may include
DRAM, SDRAM, etc. Nonvolatile memory 312 may include
any suitable type of semiconductor or solid-state memory,
such as flash memory (including NAND and NOR flash
memory), phase change memory, magnetic RAM, and multi-
state memory, in which each memory cell has more than two
states. The spindle/VCM driver module 314 controls the
spindle motor 306 and the VCM 307. The HDD PCB 302
includes a power supply 316 that provides power to the com-
ponents of the HDD 300.

[0117] In FIG. 11B, the teachings of the disclosure can be
implemented in nonvolatile memory 323 and associated cir-
cuitry of a DVD drive 318 or of a CD drive (not shown). The
DVD drive 318 includes a DVD PCB 319 and a DVD assem-
bly (DVDA) 320. The DVD PCB 319 includes a DVD control
module 321, a buffer 322, nonvolatile memory 323, a proces-
sor 324, a spindle/FM (feed motor) driver module 325, an
analog front-end module 326, a write strategy module 327,
and a DSP module 328.

[0118] The DVD control module 321 controls components
of'the DVDA 320 and communicates with an external device
(not shown) via an I/O interface 329. The external device may
include a computer, a multimedia device, a mobile computing
device, etc. The I/O interface 329 may include wireline and/or
wireless communication links.

[0119] The DVD control module 321 may receive data
from the buffer 322, nonvolatile memory 323, the processor
324, the spindle/FM driver module 325, the analog front-end
module 326, the write strategy module 327, the DSP module
328, and/or the 1/O interface 329. The processor 324 may
process the data, including encoding, decoding, filtering, and/
or formatting. The DSP module 328 performs signal process-
ing, such as video and/or audio coding/decoding. The pro-
cessed data may be output to the buffer 322, nonvolatile
memory 323, the processor 324, the spindle/FM driver mod-
ule 325, the analog front-end module 326, the write strategy
module 327, the DSP module 328, and/or the I/O interface
329.

[0120] The DVD control module 321 may use the buffer
322 and/or nonvolatile memory 323 to store data related to the
control and operation of the DVD drive 318. The buffer 322
may include DRAM, SDRAM, etc. Nonvolatile memory 323
may include any suitable type of semiconductor or solid-state
memory, such as flash memory (including NAND and NOR
flash memory), phase change memory, magnetic RAM, and
multi-state memory, in which each memory cell has more
than two states. The DVD PCB 319 includes a power supply
330 that provides power to the components of the DVD drive
318.

[0121] The DVDA 320 may include a preamplifier device
331, a laser driver 332, and an optical device 333, which may
be an optical read/write (ORW) device or an optical read-only
(OR) device. A spindle motor 334 rotates an optical storage
medium 335, and a feed motor 336 actuates the optical device
333 relative to the optical storage medium 335.

[0122] When reading data from the optical storage medium
335, the laser driver provides a read power to the optical
device 333. The optical device 333 detects data from the
optical storage medium 335, and transmits the data to the
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preamplifier device 331. The analog front-end module 326
receives data from the preamplifier device 331 and performs
such functions as filtering and A/D conversion. To write to the
optical storage medium 335, the write strategy module 327
transmits power level and timing data to the laser driver 332.
The laser driver 332 controls the optical device 333 to write
data to the optical storage medium 335.

[0123] Referring now to FIG. 11C, the teachings of the
disclosure can be implemented in memory 364 and associated
circuitry of a cellular phone 358. The cellular phone 358
includes a phone control module 360, a power supply 362,
memory 364, a storage device 366, and a cellular network
interface 367. The cellular phone 358 may include a network
interface 368, a microphone 370, an audio output 372 such as
a speaker and/or output jack, a display 374, and a user input
device 376 such as a keypad and/or pointing device. If the
network interface 368 includes a wireless local area network
interface, an antenna (not shown) may be included.

[0124] The phone control module 360 may receive input
signals from the cellular network interface 367, the network
interface 368, the microphone 370, and/or the user input
device 376. The phone control module 360 may process sig-
nals, including encoding, decoding, filtering, and/or format-
ting, and generate output signals. The output signals may be
communicated to one or more of memory 364, the storage
device 366, the cellular network interface 367, the network
interface 368, and the audio output 372.

[0125] Memory 364 may include random access memory
(RAM) and/or nonvolatile memory. Nonvolatile memory
may include any suitable type of semiconductor or solid-state
memory, such as flash memory (including NAND and NOR
flash memory), phase change memory, magnetic RAM, and
multi-state memory, in which each memory cell has more
than two states. The storage device 366 may include an opti-
cal storage drive, such as a DVD drive, and/or a hard disk
drive (HDD). The power supply 362 provides power to the
components of the cellular phone 358.

[0126] In FIG. 11D, the teachings of the disclosure can be
implemented in memory 383 and associated circuitry of a set
top box 378. The set top box 378 includes a set top control
module 380, a display 381, a power supply 382, memory 383,
a storage device 384, and a network interface 385. If the
network interface 385 includes a wireless local area network
interface, an antenna (not shown) may be included.

[0127] The set top control module 380 may receive input
signals from the network interface 385 and an external inter-
face 387, which can send and receive data via cable, broad-
band Internet, and/or satellite. The set top control module 380
may process signals, including encoding, decoding, filtering,
and/or formatting, and generate output signals. The output
signals may include audio and/or video signals in standard
and/or high definition formats. The output signals may be
communicated to the network interface 385 and/or to the
display 381. The display 381 may include a television, a
projector, and/or a monitor.

[0128] The power supply 382 provides power to the com-
ponents of the set top box 378. Memory 383 may include
random access memory (RAM) and/or nonvolatile memory.
Nonvolatile memory may include any suitable type of semi-
conductor or solid-state memory, such as flash memory (in-
cluding NAND and NOR flash memory), phase change
memory, magnetic RAM, and multi-state memory, in which
each memory cell has more than two states. The storage
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device 384 may include an optical storage drive, such as a
DVD drive, and/or a hard disk drive (HDD).

[0129] In FIG. 11E, the teachings of the disclosure can be
implemented in memory 392 and associated circuitry of a
mobile device 389. The mobile device 389 may include a
mobile device control module 390, a power supply 391,
memory 392, a storage device 393, a network interface 394,
and an external interface 399. If the network interface 394
includes a wireless local area network interface, an antenna
(not shown) may be included.

[0130] The mobile device control module 390 may receive
input signals from the network interface 394 and/or the exter-
nal interface 399. The external interface 399 may include
USB, infrared, and/or Ethernet. The input signals may
include compressed audio and/or video, and may be compli-
ant with the MP3 format. Additionally, the mobile device
control module 390 may receive input from a user input 396
such as a keypad, touchpad, or individual buttons. The mobile
device control module 390 may process input signals, includ-
ing encoding, decoding, filtering, and/or formatting, and gen-
erate output signals.

[0131] The mobile device control module 390 may output
audio signals to an audio output 397 and video signals to a
display 398. The audio output 397 may include a speaker
and/or an output jack. The display 398 may present a graphi-
cal user interface, which may include menus, icons, etc. The
power supply 391 provides power to the components of the
mobile device 389. Memory 392 may include random access
memory (RAM) and/or nonvolatile memory.

[0132] Nonvolatile memory may include any suitable type
of semiconductor or solid-state memory, such as flash
memory (including NAND and NOR flash memory), phase
change memory, magnetic RAM, and multi-state memory, in
which each memory cell has more than two states. The stor-
age device 393 may include an optical storage drive, such as
a DVD drive, and/or a hard disk drive (HDD). The mobile
device may include a personal digital assistant, a media
player, a laptop computer, a gaming console, or other mobile
computing device.

[0133] Those skilled in the art can now appreciate from the
foregoing description that the broad teachings of the disclo-
sure can be implemented in a variety of forms. Therefore,
while this disclosure includes particular examples, the true
scope of the disclosure should not be so limited since other
modifications will become apparent upon a study of the draw-
ings, the specification, and the following claims.

What is claimed is:

1. A system comprising:

a calibration module configured to generate a plurality of
calibration codes respectively for a first plurality of tran-
sistors located along (i) a plurality of bit lines and (ii) a
first word line of a memory array, wherein each of the
calibration codes is based on a distance of a correspond-
ing one of the plurality of bit lines from an input of the
first word line;

a voltage generator configured to
generate a first voltage based on a first plurality of code-

words, and
output the first voltage to an input of a second word line
of the memory array; and

a control module configured to
determine values of threshold voltages of a second plu-

rality of transistors located along (i) the plurality of bit
lines and (ii) the second word line based on (a) the first
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plurality of codewords and (b) currents sensed
through the second plurality of transistors in response
to the first voltage being output to the input of the
second word line, and
adjust the values of the threshold voltages of the second
plurality of transistors based on the calibration codes.
2. The system of claim 1, further comprising a program-
ming module configured to program the first plurality of
transistors to a predetermined state.
3. The system of claim 2, wherein the voltage generator is
configured to:
generate a second voltage based on a second plurality of
codewords,
wherein the first voltage and the second voltage respec-
tively include a first ramp voltage and a second ramp
voltage, and
wherein the first ramp voltage has a different ramp rate than
the second ramp voltage.
4. The system of claim 3, wherein the voltage generator is
configured to:
output the first voltage to the input of the first word line at
a first time, and
output the second voltage to the input of the first word line
at a second time.
5. The system of claim 4, wherein the control module is
configured to:
latch first values of the first plurality of codewords in
response to sensing currents through the first plurality of
transistors after the first voltage is output to the input of
the first word line,
latch second values of the first plurality of codewords in
response to sensing currents through the first plurality of
transistors after the second voltage is output to the input
of the first word line, and
generate the calibration codes based on the first value and
the second values.
6. A method comprising:
generating a plurality of calibration codes respectively for
a first plurality of transistors located along (i) a plurality
of bit lines and (ii) a first word line of a memory array,
wherein each of the calibration codes is based on a
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distance of a corresponding one of the plurality of bit
lines from an input of the first word line;

generating a first voltage based on a first plurality of code-
words;

outputting the first voltage to an input ofa second word line
of the memory array;

determining values of threshold voltages of a second plu-
rality of transistors located along (i) the plurality of bit
lines and (ii) the second word line based on (a) the first
plurality of codewords and (b) currents sensed through
the second plurality of transistors in response to the first
voltage being output to the input of the second word line;
and

adjusting the values of the threshold voltages of the second
plurality of transistors based on the calibration codes.

7. The method of claim 6, further comprising programming

the first plurality of transistors to a predetermined state.

8. The method of claim 7, further comprising:

generating a second voltage based on a second plurality of
codewords,

wherein the first voltage and the second voltage respec-
tively include a first ramp voltage and a second ramp
voltage, and

wherein the first ramp voltage has a different ramp rate than
the second ramp voltage.

9. The method of claim 8, further comprising:

outputting the first voltage to the input of the first word line
at a first time; and

outputting the second voltage to the input of the first word
line at a second time.

10. The method of claim 9, further comprising:

latching first values of the first plurality of codewords in
response to sensing currents through the first plurality of
transistors after the first voltage is output to the input of
the first word line;

latching second values of the first plurality of codewords in
response to sensing currents through the first plurality of
transistors after the second voltage is output to the input
of the first word line; and

generating the calibration codes based on the first value and
the second values.
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